Reverberation lags have recently been discovered in a handful of nearby, variable AGN. Here, we analyze a ∼100 ksec archival XMM-Newton observation of the highly variable AGN, ESO 113−G010 in order to search for lags between hard, 1.5 -4.5 keV, and soft, 0.3 -0.9 keV, energy X-ray bands. At the lowest frequencies available in the lightcurve ( 1.5 × 10 −4 Hz), we find hard lags where the power-law dominated hard band lags the soft band (where the reflection fraction is high). However, at higher frequencies in the range (2 − 3) × 10
INTRODUCTION
Since the discovery of the first X-ray reverberation lag in the AGN 1H 0707−495 (Fabian et al. 2009 ), X-ray lags between lightcurves from the soft excess and power-law dominated regions of the spectrum ('soft' lags) have now been observed in over a dozen AGN Emmanoulopoulos et al. 2011; Tripathi et al. 2011; De Marco et al. 2011 , 2012 Fabian et al. 2012 ) and also in the black hole X-ray binary GX 339−4 . Recently, the first discovery of a broad Fe K lag has now been reported in NGC 4151 (Zoghbi et al. 2012) , with large XMMNewton datasets from 1H 0707−495 and IRAS 13224−3809 also revealing an Fe K lag (Kara et al. 2012a,b) . Such lags are naturally predicted in the reflection paradigm where a corona (the power-law component) irradiates the accretion disk, leading to a reflected component consisting of fluorescent emission lines and scattered continuum emission that are broadened and skewed by the dynamical and relativistic effects present in the accretion disk close to the black hole (see Reynolds & Nowak 2003; Miller 2007 , for reviews of reflection). The lags can then be ascribed to the light travel time between the direct power-law component and the reflection components (see Reynolds et al. 1999 , for a theoretical discussion on X-ray reverberation).
Lags in the opposite sense ('hard' lags where the soft band leads the hard) are also seen on longer timescales. These hard lags have been seen in both X-ray binaries and AGN (e.g. Miyamoto & Kitamoto 1989; Nowak et al. 1999; Papadakis et al. 2001; , and are thought to arise due to viscous propagation of mass accretion fluctuations in the disk transmitted to the corona (Kotov et al. 2001; Uttley et al. 2011) . Comparing the evolution of the lags with Fourier frequency from all the AGN ecackett@wayne.edu where they have been detected, a general shape emerges, with hard lags at the lowest frequencies, transitioning to soft lags at higher frequencies, interpreted as viscous propagations dominating on long timescales and reverberation dominating on shorter timescales. This is not the only proposed model for the lags -Miller et al. (2010) suggest an alternative interpretation involving reflection from distant absorbers homogeneously distributed along our line of sight, something that requires a specific geometry. While such a model could potentially explain one source, the presence of soft lags in a large number of AGN rules out this model in general (further arguments against this model are given in .
In this manuscript, we present an X-ray timing analysis of ESO 113−G010 (z = 0.0257), using XMMNewtonobservations, which we find to show the same lagfrequency evolution as has been observed in other AGN. ESO 113−G010 is a Seyfert 1.8 displaying a strong soft excess and X-ray variability (Pietsch et al. 1998; Porquet et al. 2004 Porquet et al. , 2007 which are the two basic components needed for tracing negative reverberation time delays.
2. DATA ANALYSIS ESO 113−G010 was observed by XMM-Newton on 2005/11/10 for a total of 104 ksec, ObsID: 0301890101 (see Porquet et al. 2007 , for a previous analysis of these data). We analyzed the XMM-Newton data using SAS version 11.0.0 and the most recent calibration files. Calibrated events files were generated from the Observation Data Files using the epproc and emproc tools for the EPIC/pn and EPIC/MOS detectors, respectively. We searched for background flares in the usual manner, looking at the lightcurves from the entire detector above 10 keV for the MOS, and in the range 10 -12 keV for the pn. We found a significantly elevated background count rate during the beginning and end of the observation, which after we filtered out yielded a continuously sampled data stream (important for timing analysis) of 92ks. Spectra and lightcurves were extracted from an 800-px radius circular region, with the background extracted from nearby source-free region of the same size to the NE of the source for the pn and to the SE for the MOS detectors. The responses were generated with rmfgen and arfgen, and the spectra grouped to a minimum of 25 counts per bin and a minimum bin width of 1/3 of the FWHM spectral resolution at a given energy using the SAS 'specgroup' tool.
Spectral analysis
We fit the pn spectrum in XSPEC v12, in order to determine the energies where the power-law and reflected components are most dominant. Such a procedure allows us to maximize the sensitivity to finding a lag between these two components by isolating lightcurves where the relative strength of each component is greatest. The model consists of an absorbed power-law plus a blurred reflection model using the relconv convolution kernel (Dauser et al. 2010 ) and reflionx reflection model (Ross & Fabian 2005) . We use an unbroken power-law emissivity in relconv. In addition to this, the data also require an absorption edge at 0.86 keV (rest energy), consistent with an OVIII edge and two narrow emission lines at approximately 6.5 and 6.97 keV (see Porquet et al. 2007 , for a detailed discussion of the Fe line complex in this object). We show the best-fitting model for the pn spectrum in Figure 1 , and see figure 7 of Porquet et al. (2007) for a ratio to a simple power-law. The spectrum displays a strong soft excess, which can be well-fit by the blurred reflection model (see Table 1 for spectral fitting parameters). The best-fitting spin parameter indicates a maximally spinning black hole. While the broad Fe line in this object is not especially constraining on the spin, it is the smooth soft excess that requires a maximally spinning black hole.
Based on the shape of the spectrum, we choose the 0.3 -0.9 keV energy range for the soft band lightcurve, where the reflection component is strongest (relative to the power-law), and the 1.5 -4.5 keV range for the hard band lightcurve, where the spectrum is dominated by the power-law component. Lightcurves in these energy bands were extracted using evselect and epiclccorr, and 20s binning. 
NOTE.
-We fit the model phabs*zedge*(power-law + zgauss + zgauss + kdblur⊗relionx), and fix z = 0.0257 in all relevant model components.
Frequency-dependent lags
We first look for lags between the soft and hard bands as a function of Fourier-frequency in a similar manner as has been done for all the other sources (see references in section 1). The lightcurves exhibit significant variability (see Porquet et al. 2007 , and their figure 1). The lags between the soft and hard bands are determined from the crossspectrum following the standard Fourier technique detailed in Nowak et al. (1999) . Briefly, we calculate the cross-spectrum for each pair of soft and hard lightcurves, averaging the crossspectrum in frequency bins and also averaging the crossspectra from multiple detectors. At a given frequency, f , the argument of the cross-spectrum gives the phase difference between the Fourier transforms of the two lightcurves. This phase difference can then be converted to a time lag by dividing by 2π f . We therefore determine time lags in each frequency bin by dividing the average phase in the bin by the middle-frequency of the logarithmic bin. We determine errors in the lags following equation 16 of Nowak et al. (1999) .
The lags between the soft and hard bands are shown as a function of Fourier frequency in Figure 2 . The lag is defined such that a positive lag refers to the hard lightcurve lagging the soft (hence 'hard' lag), and a negative (or 'soft' lag) implies the soft lightcurve lagging the hard. We find a lag of −325 ± 89 s in the frequency range (2 − 3) × 10 −4 Hz. The evolution of the lags with frequency shows a positive (hard) lag at the lowest frequencies ( 1.5 × 10 −4 Hz) transitioning to a negative (soft) lag at higher frequencies, (2 − 3) × 10 −4
Hz, and then becoming a zero lag at the highest frequencies ( 4 × 10 −4 Hz). This evolution follows the same general shape as has been seen in the other sources where a soft lag has been detected. One bin at approximately 4 × 10 −4 Hz shows a return to a positive lag. However, this bin is only 2.2σ from zero, and slightly larger frequency bins reduce this significance further.
We model the frequency-dependent lags using two simple transfer functions -a top-hat transfer function to fit the soft (negative) lags and a power-law transfer function to fit the hard (positive) lags, in a similar fashion to Zoghbi et al. (2011) and Emmanoulopoulos et al. (2011) . We find that this model readily reproduces the lags. Our best-fitting model is shown in Fig. 2 , which has the top-hat transfer function extending from 0 to 2390 seconds. The power-law transfer function is not well constrained as the slope and normalization are degenerate. However, any combination of those parameters gives the same parameters for the top-hat transfer function. In lag-frequency space the model for the hard lags is consistent with a power-law with slope of approximately −1.7. This is slightly steeper than the slope of −1 seen in other AGN (Vaughan et al. 2003; McHardy et al. 2004; Arévalo et al. 2008) , though a slope of −1 would imply a lag of approximately 100 s at 10 −3 Hz, lying within the 95.4% confidence interval derived from the data.
We check the reliability of the lags by studying the coherence as a function of frequency, following the methodology of Vaughan & Nowak (1997) . The coherence is shown in Fig. 3 , and remains high over the frequency range where the lags are detected, up to approximately 8 × 10 −4 Hz, where the Poisson noise level in the hard band lightcurve is reached. The high coherence indicates that a high fraction of the lightcurves in each band is correlated and hence one lightcurve can be predicted from the other. 
Energy-dependent lags and the covariance spectrum
The energy-dependence of the lags at a given Fourier frequency can help identify the nature and origin of the lags (e.g. Kara et al. 2012a,b) . Here, we follow a similar procedure to . Briefly, we extract lightcurves in narrow energy bands using the pn data only. Lags are then calculated between each narrow energy band and the reference band. For the reference band we use the lightcurve from the entire energy range (0.2 -10 keV) excluding the current narrow energy band (to avoid correlated Poisson noise). This ensures a high signal-to-noise ratio in the reference band. As discussed by the slightly different reference lightcurve used for each band leads to an insignificant systematic error in the lag. In Figure 4 (a) we show the lag spectrum for the frequency range (2 − 3) × 10
Hz where the soft lag is detected. Note that it is the relative lags between the bands that are important (the lags are arbitrarily shifted so that the minimum lag seen is zero). As was shown in the frequency-dependent lags, it can be seen that the average lag in the soft band is lagging behind the hard band. It also shows that the lag is largest in the 0.4 -0.8 keV range. If we modify the energy bands for the soft lightcurves slightly to 0.4 -0.8 keV this increases the magnitude of the lag observed in the (2 − 3) × 10 −4 Hz range slightly to −403 ± 83 s. It is interesting to note that the general shape of the lagenergy spectrum is quite similar to both 1H 0707−495 and IRAS 13224−3809 (see Kara et al. 2012a , for a comparison of these two objects), where the lags are seen to peak where the soft excess is strongest, and then drop down to a minimum at 3 -4 keV and increase again at the Fe K line. Obviously, we do not have the signal-to-noise in order to detect a significant increase in the lag above 4 keV (the lag measured in the 5 -10 keV range is 305 ± 522 s), but, the general shape we see in ESO 113−G010 is the same.
We also calculate the covariance spectrum (see Wilkinson & Uttley 2009 ) for ESO 113−G010 from the pn data, following the methodology of Uttley et al. (2011) . The covariance spectrum shows the strength of correlated variability between a given energy band and the reference band, and hence gives the spectral shape of the correlated variability. We calculate it in a given frequency range using the frequency-averaged cross spectrum in that range. The resultant covariance spectrum is proportional to the photon count rate, and so we rebin the pn response to match the energy binning of the lightcurves. Using the rebinned response, we can fit it in XSPEC. The covariance spectrum (unfolded using a power-law with index 0 and normalization of 1) is shown in Fig. 4(b) . A simple power-law with index Γ = 2.1 ± 0.2 fits it well, though given the signal-to-noise (the average fractional uncertainty is 35%), we cannot rule out more complex models. Note that the statistics in the 5 -10 keV range are too low to calculate the covariance, as is also demonstrated by the large uncertainty for the lag in this energy range. Hz. Moreover, the evolution of the lag over the full frequency range of the lightcurve shows hard lags on the longest timescales changing to soft lags on intermediate timescales and zero lag on the shortest timescales. This evolutionary trend is the same as in the growing number of AGN where soft lags have been observed. It suggests common physical mechanisms are present in all these AGN leading to hard and soft lags on different timescales. The soft lag can be interpreted as due to reverberation from the inner accretion disk, where the lag arises due to light-travel time between the source powerlaw emission and the accretion disk where the reflected component arises. Such a model predicts that the soft lag magnitude and frequency where it is observed should both scale with black hole mass, as the characteristic size-scale for the system is simply set by GM/c 2 . Recently, De Marco et al. (2012) observed such scaling with black hole mass using 15 AGN where significant soft lags were detected.
We can compare the soft lag observed in ESO 113−G010 with what is expected from the De Marco et al. (2012) black hole mass scaling. But first, we should consider the black hole mass estimate for ESO 113−G010. Porquet et al. (2007) estimate the black hole mass in ESO 113−G010 using the mass-luminosity-timescale relation to be in the range (0.4 − 1.0) × 10 7 M ⊙ , with the range due to the uncertainty in the bolometric luminosity. As an additional check on the black hole mass estimate, we use the optical spectrum of Pietsch et al. (1998) to get a separate estimate. Optical reverberation mapping has established a scaling relationship between the broad-line region radius and AGN luminosity (Kaspi et al. 2000; Bentz et al. 2006 Bentz et al. , 2009 ) which allows single-epoch black hole mass estimates when combined with the broad line width. While determined using the Hβ emission line, this method has been modified for various other emission lines too, for instance using the stronger Hα line (Greene & Ho 2005 , 2007 Porquet et al. (2007) .
The lag of −325 s corresponds to 9.4 R g /c for a mass of 7 × 10 6 M ⊙ , though dilution of the lag by any hard lag component, and the zero lag component that arises due to reflection and power-law components being present in both bands (see further discussion of dilution effects in Kara et al. 2012a,b) , means that the intrinsic reverberation lag will be larger than this. Determining the dilution effects is non-trivial given that it depends on the relative strengths of the variable components, however, fitting of the lags with transfer functions, suggests that the intrinsic lag may be closer to 800s (see the blue line in Fig. 2) . Note, however, an added complication is that the observed lags are not adjusted for gravitational (Shapiro) time delays which would act in the opposite sense to dilution effects. Comparing with the soft lag magnitude -black hole mass relation of De Marco et al. (2012) , the lag lies significantly above the scaling relation and would be more consistent with a black hole mass a factor of a few higher. De Marco et al. (2012) also present the scaling of the frequency where the soft lag is observed with black hole mass (the frequency decreases with increasing black hole mass). The frequency where the soft lag is observed (approximately 2.5 × 10 −4 Hz) is slightly lower than expected from the scaling, again consistent with a black hole a few times more massive. However, it is important to note that scatter is expected in these scaling relations, especially given that one source, IRAS 13224−3809 has a soft lag that is seen to both increase in magnitude and decrease in frequency by a factor of approximately 3 in the high flux state compared to the low flux state (Kara et al. 2012a ). Thus, flux-dependence could add significant scatter to these lag scaling relations. Moreover, several of the soft lags detected in De Marco et al. (2012) occur at the lowest frequencies sampled by the lightcurve and the real minimum may well occur at even lower frequencies not sampled by the current data. This too can add scatter to the lag scaling relations.
Another cause of scatter in the De Marco et al. (2012) relations is the black hole spin. Black hole spin changes the location of the inner disk radius (Bardeen et al. 1972; Thorne 1974) , thus objects with a maximally-spinning Kerr black hole will have shorter lags than objects with a non-spinning (Schwarzschild) black hole (assuming the rest of the geometry is unchanged). Therefore, non-spinning black holes could be above the black hole mass-lag scaling relation, without requiring a more massive black hole. However, our spectral fitting of ESO 113−G010 imply an inner disk radius consistent with a maximally spinning black hole, suggesting that black hole spin is not the origin of the offset from the scaling relations.
ACF thanks the Royal Society for support. We thank the referee for helpful suggestions that have helped improve the manuscript.
